We report the results of a muon-spin rotation (µSR) experiment to determine the superconducting ground state of the iron-based superconductor CsCa2Fe4As4F2 with Tc≈28.3 K. This compound is related to the fully-gapped superconductor CaCsFe4As4, but here the Ca-containing spacer layer is replaced with one containing Ca2F2. The temperature evolution of the penetration depth strongly suggests the presence of line nodes and is best modelled by a system consisting of both an s-and a d-wave gap. We also find a potentially magnetic phase which appears below ≈10 K but does not appear to compete with the superconductivity. This compound contains the largest alkali atom in this family of superconductors and our results yield a value for the in-plane penetration depth of λ ab (T =0)=244(3) nm.
Introduction -Unlike the cuprate high temperature superconductors [1] , the iron-based superconductors do not appear to have a universal superconducting gap structure: it has been found to vary between families of compounds, as well as within a single family through doping [2] or pressure [3] . The first iron arsenide superconductor family is a prime example: LaFeAsO 1−x F x , with a maximum critical temperature T c =26 K [4] , is thought to have either extended s-wave pairing [5] with either a reversal of the sign of the order parameter between Fermi surfaces [6] or d-wave pairing with line nodes [5, 7, 8] . The need for a universal picture of gap structures is vital to understand the mechanism with which Cooper pairs are formed in the iron-based superconductors.
The gap structure has been found to vary between members of a single FeAs family. Ba 1−x K x Fe 2 As 2 , part of the 122 family, was initially found to have two s-wave gaps [9, 10] . Subsequent studies, however, found evidence that KFe 2 As 2 , which is in the strong hole doping regime in this family, exhibits d-wave nodal superconductivity [2, [11] [12] [13] which may arise from antiferromagnetic spin fluctuations near the quantum critical point [14] . It has also been suggested that KFe 2 As 2 has a Fermi surface-selective multigap structure, resulting in s-wave superconductivity with accidental line nodes [15] . The replacement of K with Rb or Cs has been reported to conserve the nodal gap structure [16] [17] [18] , although there have also been studies to suggest these compounds are s + s-wave [19, 20] .
There have been several attempts to account for this variation in gap symmetry amongst the iron arsenides. Ref. [21] suggests that, away from optimal doping, subdominant interactions (for example Coulomb interactions) and pair scattering between electron-like Fermi surface sheets increase and frustrate the isotropic s± gap, leading to anisotropy and eventually nodes, as evidenced in the 122 family. It has also been theorized that this frustration in FeAs superconductors may lead to timereversal symmetry breaking (TRSB) and, as a result, an s + id pairing [22] . Maiti et al. [23] propose a mechanism based on spin-fluctuation exchange, similar to Ref. [21] . In Ref. [23] , the variation between family members is explained through the degree of electron or hole doping in the compound: small to moderate dopings have an swave pairing driven by the interpocket electron-hole interaction, strong electron dopings have a d-wave pairing from the attraction between electron pockets, and strong hole dopings have either a d-wave pairing from attraction within one of the hole pockets or an s-wave pairing from the interaction of hole pockets at (0,0). Another cause of the varying gap symmetries may be the height of the pnictogen atom, which alters the competition or cooperation of the spin fluctuation modes [5] .
No such drastic variation is seen in the 1144 family (CaAFe 4 As 4 , A= K, Rb, or Cs [24] ), with evidence for multigap s-wave superconductivity and a clear absence of nodes in both experimental and theoretical studies [25] [26] [27] [28] [29] [30] . Interestingly, this family has a maximum T c =35 K for A= Rb, the alkali atom with intermediate size. This contrasts with 1111-type FeAs superconductors [4, 31, 32] , as well as other alkali metal arsenide superconductors, such as the chain-based compounds A 2 Cr 3 As 3 (A= K, Rb, or Cs), where increasing the ionic radius of A leads to a chemical pressure-induced suppression of T c [18, 33, 34] . to be discovered was A = K (T c =33 K) [36] , and subsequently A = Rb, Cs (T c =31 K and 28 K respectively) [37] were also synthesised. This family can be viewed as an intergrowth of AFe 2 As 2 and CaFeAsF layers. Double FeAs layers are sandwiched between A atoms on one side and Ca 2 F 2 on the other, leading to two distinct As sites. These compounds are self-hole-doped, in contrast to other hole-doped FeAs superconductors [38, 39] . It has been suggested that the complex nature of the electronic structure of these materials could lead to a multiband gap structure [40] . µSR experiments on KCa 2 Fe 4 As 4 F 2 have provided further evidence that it is a multigap nodal superconductor with an s + d-or d + d-wave pairing, with no clear TRSB [35] .
In this Rapid Communication, we perform transverseand zero-field µSR experiments on CsCa 2 Fe 4 As 4 F 2 to determine its superconducting and magnetic properties. Remarkably, we find that the penetration depth of CsCa 2 Fe 4 As 4 F 2 does not plateau at low T , indicating nodal superconductivity. At intermediate temperatures, there is an inflection point in the temperature dependence of the penetration depth; from this we conclude that CsCa 2 Fe 4 As 4 F 2 is a nodal multi-gap superconductor with s+d-wave pairing. We also determine that there is no TRSB in this compound, but observe the formation of a potentially magnetic phase below ≈10 K that does not appear to compete with the superconductivity, although it is possible that it is linked to the opening of the second superconducting gap. Our results suggest a new path to nodal multigap superconductivity in the iron arsenides.
Experimental Details -A polycrystalline sample of CsCa 2 Fe 4 As 4 F 2 was synthesised via the solid state reaction in Ref. [36] , and was found to have a sharp superconducting transition at 28-29 K (see Fig. 1(a) ). The sample in this work was found to have a higher superconducting volume fraction than that in Ref. [36] , indicating that this sample has a higher purity.
µSR experiments [41, 42] were performed using a 3 He cryostat mounted on the MuSR spectrometer at the ISIS pulsed muon facility (Rutherford Appleton Laboratory, UK) [43] . Zero-field (ZF) measurements were carried out to check for magnetism, TRSB across the superconducting transition, and to see if an FµF state (in which the muon forms a hydrogen bond with fluorine atoms in the sample [44, 45] ) exists. Transverse-field (TF) measurements, in which an external field (40 mT) is applied perpendicular to the initial muon polarization, were performed to identify the superconducting ground state. All of the data were analyzed using WiMDA [46] . Superconductivity -Transverse field measurements were performed in an applied field B app =40 mT in order to probe the superconducting ground state. Sample spectra above and below T c are shown in Fig. 1(b) . There is a clear increase of the relaxation in the superconducting state (compared to the normal state) which arises from the inhomogeneous field distribution of the vortex lattice [47] . The data were fitted with the two-component function
where γ µ =2π × 135.5 MHzT −1 is the gyromagnetic ratio of the muon and φ is a phase related to the detector geometry, with φ fitted for each of the eight detector groups of the spectrometer. The first term represents those muons which are not implanted into the superconducting volume and precess only in the external magnetic field, and so do not experience any relaxation. This component also includes muons implanted in the sample holder and cryostat. The second term arises from muons in the superconducting volume, which experience a Gaussian broadening σ(T )= σ 2 SC (T ) + σ 2 nucl consisting of a temperaturedependent component from the vortex lattice, and a temperature-independent component from nuclear moments. By fitting the residual, temperature-independent component of σ, we find σ nucl =0.113(3)µs −1 . The field shifts caused by the vortex lattice ∆B = B SC − B app are shown in Fig. 1(d) . There is a clear negative shift in the peak field as the samples transition into their superconducting states; this is a characteristic feature of the vortex lattice [47] . Interestingly, there is a small peak in the field shift at T ≈8 K, which may be linked to a magnetic phase in the sample that will be discussed below.
In order to extract the penetration depth from σ SC , a conversion [48] 
can be used, where φ 0 =2.069 × 10 −15 Wb is the magnetic flux quantum. This conversion holds for 0.13/κ 2 B app /B c2 1, where B c2 is expected to be >30 T in CsCa 2 Fe 4 As 4 F 2 [37] . As the sample is anisotropic [37] and polycrystalline, it can therefore be assumed that the effective penetration depth λ eff is dominated by the in-plane penetration depth λ ab (which is λ c ), where λ eff =3 1/4 λ ab [49] . The temperature dependence of λ −2 ab is plotted in Fig. 1(c) . The low-T region in Fig. 1(e) shows a clear linear dependence of λ ab , as indicated by the straight line fit. λ
ab for a fully gapped superconductor plateaus at low T as there is not sufficient thermal energy to depopulate the condensate, whereas in nodal superconductors, low-energy excitations are always possible, thereby leading to a linear dependence of λ ab at low T [50] .
The data in Fig. 1(c) have been fitted with single-and two-gap BCS models involving s-and d-wave gaps. The BCS model of the normalized superfluid density of a superconductor is given by [51] : (T ). The existence of an inflection point in λ ab (T ) strongly suggests the existence of two gaps, and is supported by the poor single-gap d-wave fit in Fig. 1(c) [a single-gap s-wave fit did not provide a good fit either, and has not been plotted]. Two-gap fits for s + s, s + d, and d + d gaps are also shown in Fig. 1(c) . We find that the fit with the lowest χ 2 is for an s + d-wave system with gaps ∆ (3) nm. This result has been plotted alongside other common high temperature superconductors in the Uemura plot [52] in Fig. 1 [36, 37] ). However, this geometric difference is insufficient to account for the change in superfluid stiffness (for a contrary case see [53] ). For ACa 2 Fe 4 As 4 F 2 , a relatively small increase in c (≈5%) provides a much larger decrease in λ ab (0) (≈20%), demonstrating that the increase in c is, at best, only partially responsible for the reduction in λ ab (0) and suggesting that other effects associated with the electronic band structure must be contributing more strongly.
Magnetism -ZF-µSR measurements were made in order to investigate the possibility of magnetism, TRSB, and an FµF state. Sample spectra above and below T c are presented in Fig. 2(a) . It is clear that there are no oscillations in the spectra, indicating no long range magnetic order or FµF bonds formed in this compound. The absence of an FµF signal is common to all fluorinecontaining iron-based superconductors studied so far [54] [55] [56] . This may be due either to a muon site close to the FeAs planes (sitting between the As and Ca ions), away from the fluorine ions, or to the metallic nature of the material. The data can be modelled well with
The first component in this function, which accounted for a≈0.76 of the observed signal, was found to have an approximately constant Gaussian relaxation σ ≈ 0.108(3)µs −1 , likely arising from fluorine nuclear moments in the sample. The second component contained a temperature-dependent, fast Lorentzian relaxation, plotted in Fig. 2(b) . We note a decrease in the initial asymmetry A 0 , also plotted in Fig. 2(b) , which likely arises from an additional fast relaxation.
It is possible that the ZF relaxation may affect the TF spectra in Fig. 1(a) , similar to the behavior seen in Ref. [57] . By fitting the data in Fig. 1(a) with an additional Lorentzian relaxation, we find a negligible change in the extracted superconducting parameters as well as a larger value of χ 2 . It is therefore likely that the source of relaxation in ZF has little effect on the superconductivity observed in the TF data.
There are several possible explanations for the gradual increase of λ and decrease of A 0 (also plotted in Fig. 2(b) ) at low T . One possibility is the slowing of fluctuating electronic moments with field width ∆ (where λ=2∆ 2 /ν for fluctuation frequency ν). Similar behaviour has been observed in other FeAs superconductors [57] . A source of these moments may be Fe-based impurities, which cannot be ruled out below the 1% level. The asymmetry of the TF data does not change significantly below T c , which is compatible with weak magnetism similar to that observed in heavily doped CaFe 1−x Co x AsF [55] . We can differentiate true nodal superconductors (where the nodes are imposed by symmetry) to gapped superconductors with 'accidental nodes', as impurity scattering acts to broaden symmetry nodes and lifts accidental nodes and therefore removes the residual linear term. If the relaxation arises from Fe-based impurities, this would support the notion that the nodes are symmetryimposed. Another possible explanation for the behaviour in Fig. 1(d) could be due to the opening of the second superconducting gap at approximately the same T . This situation may be similar to the Q phase in CeCoIn 5 [58, 59] and the pair-density waves in undoped cuprates [60] , both of which exhibit intertwined magnetic order coupled to d-wave superconductivity [61] . The anomalous behaviour in Fig. 1(d) could also be explained by such a scenario. Despite the absence of oscillations in this experiment, it is possible that magnetic order does exist with oscillations faster than the resolution of the spectrometer; such behaviour has previously been seen in the near-zero doping of CaFe 1−x Co x AsF, where oscillations from a magnetic phase with frequency ≈25 MHz are observed [55] .
The signature of a TRSB superconductor is the spontaneous formation of an internal magnetic field below T c [62] ; as this is not seen via a discontinuity in A 0 or λ at T c , we conclude CsCa 2 Fe 4 As 4 F 2 does not undergo this transition. We can therefore deduce that the gap symmetry is probably s + d-wave, rather than s + id.
Conclusion -We have measured the superconducting and magnetic properties of a polycrystalline sample of CsCa 2 Fe 4 As 4 F 2 . We find that a small potentially magnetic phase exists in the sample, which does not appear to compete with the superconductivity. Re- markably, we find that CsCa 2 Fe 4 As 4 F 2 exhibits multigap nodal superconductivity of an s + d-wave nature. The ratio ∆
0 /k B T c ≈3.1 of the larger gap suggests strongly coupled superconductivity, although the value of the fitted gap may be sensitive to the area of the nodal region in the Fermi surface [63] . Due to the crystallographic structure of this compound, there are two distinct As sites either side of the Fe atoms, and it can be distinguished from the s-wave superconductor CaCsFe 4 As 4 by exchanging one of the spacer layers between the FeAs planes. As such, these results indicate a new path from gapped to nodal superconductivity in iron-based superconductors.
